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SXT-related integrating conjugative elements (ICEs) became prevalent in Asian Vibrio cholerae populations
after V. cholerae O139 emerged. Here, we describe an SXT-related ICE, ICEVchMex1, in a Mexican environ-
mental V. cholerae isolate. Identification of ICEVchMex1 represents the first description of an SXT-related ICE
in the Western Hemisphere. The significant differences between the SXT and ICEVchMex1 genomes suggest
that these ICEs have evolved independently.

SXTMO10 is a Vibrio cholerae-derived integrating conjugative
element (ICE) that encodes resistance to multiple antibiotics.
Originally, SXT was found in the chromosome of the initial V.
cholerae O139 isolates (17). This novel V. cholerae serogroup
emerged in late 1992 on the Indian subcontinent as the first
non-O1 serogroup to give rise to epidemic cholera (9). Prior to
the emergence of this novel V. cholerae serogroup, SXT was
rarely if ever detected in V. cholerae O1 isolates (2); however,
after the spread of V. cholerae O139 throughout much of Asia,
SXTMO10 or closely related ICEs have been found in most O1
and O139 clinical isolates from Asia (2). In addition, SXT-
related ICEs in African V. cholerae O1 isolates (10), in non-V.
cholerae vibrios (1), and in other �-proteobacteria (12) have
now been described. All the V. cholerae-derived SXT-related
ICEs reported to date have been detected in isolates from Asia
or Africa.

ICEs excise themselves from their host’s chromosome, trans-
fer to a new host by conjugation, and then integrate into the
chromosome again. Comparison of the complete DNA se-
quences of SXTMO10 (99.5 kb) and R391 (89 kb), an SXT-
related ICE originally found in Providencia rettgeri (6), revealed
that both ICEs share a highly conserved set of genes that code
for their regulation, excision-integration, and conjugative
transfer functions (3). Besides this conserved scaffold, these
elements also harbor insertions, such as antibiotic resistance
genes, that confer element-specific properties (3). SXTMO10

carries genes that mediate resistance to sulfamethoxazole, tri-
methoprim, chloramphenicol, and streptomycin. Some SXT-
related ICEs carry different antibiotic resistance genes (12).
Furthermore, recent V. cholerae O139 isolates contain SXT-
related elements that do not carry antibiotic resistance genes.
Thus, it appears that selection for increasing resistance to
antibiotics may not be the only factor that explains the recent
rapid spread of SXT-related ICEs in vibrio populations.

We tested whether environmental V. cholerae isolates col-
lected during 2001 and 2002 from the state of San Luis Potosi,

Mexico, contained SXT-related ICEs. A PCR assay for detec-
tion of the characteristic SXT integrase gene, int, was used for
this analysis (12). int is highly conserved in all SXT-related
ICEs analyzed to date and is essential for SXT’s integration and
excision (7, 13). Eight out of 52 V. cholerae isolates from fresh-
water, sewage water, and freshwater or marine fishes were posi-
tive for int. We chose one of these eight int� strains at random for
further analysis. Here we report functional and genetic charac-
terization of an ICE, designated ICEVchMex1, found in V. chol-
erae 1-010118-075, isolated from sewage in 2001.

Classification of this isolate was difficult. We were unable to
determine the serogroup of this isolate by use of a collection of
serotype-specific antisera (Public Health Laboratory, School of
Medicine, National Autonomous University [UNAM], Mexico).
This strain did not agglutinate with anti-�O139 antisera (kindly
provided by G. B. Nair). This isolate was more typical of Vibrio
vulnificus than of V. cholerae, according to the API 20E V4.0
(Biomerieux) set of biochemical tests. However, the DNA se-
quences of recA, gyrB, and dnaE from this strain were from 96 to
100% identical to those from V. cholerae and only from 84 to 85%
identical to those from V. vulnificus.

Functional characterization of ICEVchMex1. V. cholerae
1-010118-075 was found to be resistant to ampicillin (Apr) but not
to other antibiotics. We wondered whether the Apr phenotype
was mediated by a self-transmissible ICE, ICEVchMex1. To ex-
plore this possibility, we used V. cholerae 1-010118-075 (Apr) as a
donor strain in conjugation experiments, with Escherichia coli
CAG18439 (Tcr) (7) used as a recipient strain. However, no Tcr

Apr exconjugants were isolated from mating experiments carried
out as previously described (7), suggesting either that ICEVch
Mex1 does not carry the Apr gene or that the int� V. cholerae
1-010118-075 strain does not harbor a functional ICE.

We introduced a spectinomycin resistance (Spr) marker ad-
jacent to mex02, an ICEVchMex1 gene that was not likely to
influence ICEVchMex1 transmissibility (see below), to further
test whether ICEVchMex1 was transmissible by conjugation.
When a V. cholerae 1-010118-075 Spr derivative was used as a
donor in mating experiments with CAG18439 as the recipient,
Spr Tcr exconjugants were obtained at low frequencies but only
when the donor strain was treated with mitomycin C, an agent
known to promote SXT transfer (5) (Table 1). Thus, ICEVch
Mex1 is transmissible (albeit at low frequencies) by conjuga-
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tion from V. cholerae to E. coli. Like SXTMO10 (13), ICEVch
Mex1 was found to integrate into the 5� end of prfC (data not
shown).

The transfer frequency of ICEVchMex1 from CAG18439 to
other E. coli strains was higher than that observed from V.
cholerae to E. coli and did not require mitomycin C treatment
of the donor for its detection (Table 1). None of 50 Spr Tcr E.
coli exconjugants tested was Apr, indicating that the Apr pheno-
type was not transferred by conjugation and thus likely not
mediated by ICEVchMex1. Therefore, the native ICEVchMex1
harbored by V. cholerae 1-010118-075 does not seem to carry
antibiotic resistance genes.

There was more than an 80-fold induction of ICEVchMex1
conjugative transfer from CAG18439 when the donor strain

was treated with mitomycin C, a compound that damages DNA
and induces the SOS response (Table 1). Mitomycin C is thought
to induce SXTMO10 transfer because it promotes the RecA-de-
pendent cleavage of SetR, the repressor of SXTMO10 transfer (5).
We found that mitomycin C induction of ICEVchMex1 transfer
was recA dependent (Table 1) and that the predicted ICEVch
Mex1 SetR sequence is identical to that in SXTMO10. Together
these observations suggest that mitomycin C activates ICEVch
Mex1 transfer and SXTMO10 transfer by the same mechanism.

Genetic characterization. To begin to assess the similarity of
the ICEVchMex1 genome to the SXTMO10 and R391 genomes,
regions of ICEVchMex1 were amplified with PCR and then se-
quenced (Table 2 and Fig. 1). The sequences of several ICEVch
Mex1 genes that are part of the functional core of SXT-related
elements were very similar to those in SXTMO10. For example,
the predicted sequences of the ICEVchMex1 Int, Xis, and TraI
proteins shared 99%, 100%, and 93% identity, respectively, with
the Int, Xis, and TraI proteins encoded by SXTMO10.

Some features of ICEVchMex1 appear to be more closely
related to R391 than to SXTMO10. R391 contains a cluster of
three genes of unknown function between attL and xis that is
not found in SXTMO10 (3, 6). This cluster is also present in
ICEVchMex1. Also, the sequence of the ICEVchMex1 exclusion
determinant, eexR3, was 94% identical to that of eexR from R391
and only 78% identical to that of eexS from SXTMO10, suggesting
that ICEVchMex1 belongs to the R391 exclusion group (15).

No insertions of antibiotic resistance genes were found in
ICEVchMex1 at sites in which SXT-related ICEs are known to
harbor such insertions. SXTMO10, SXTET (12), and SXTLAOS

(14) carry antibiotic resistance determinants in a composite
transposon-like structure disrupting rumB (12), but the rumAB
operon is intact in ICEVchMex1 (Fig. 1). The mer operon in
R391, which is found between traG and eex, is absent from
ICEVchMex1. The R391 kanamycin resistance gene is carried
by a transposon inserted between s026 and s027 (Fig. 1), but no

TABLE 1. ICEVchMex1 is self-transmissible and its transfer
is inducible by mitomycin C

Donor straina Mitomycin C
inductionb Recipient strainc Frequency of

transfer (10�6)d

V. cholerae 1-010118-075 � CAG18439 �0.021
� CAG18439 2.0

E. coli CAG18439 � MG1655 0.17
� MG1655 14.55

E. coli KB1 � MG1655 0.096
� MG1655 �0.071

a The donor strains contained the Spr derivative of ICEVchMex1. E. coli
CAG18439 and KB1 are, respectively, recA� and recA-negative Tcr derivatives of
E. coli MG1655.

b The donor strains were treated with mitomycin C (50 ng/ml for V. cholerae or 100
ng/ml for E. coli) for 1 h at 37°C prior to mating and then washed once with LB.

c The recipient strains were CAG18439 (recA� Tcr) or a nalidixic acid-resistant
(Nalr) derivative of E. coli MG1655 (recA�).

d The frequency of transfer was calculated by determining the number of excon-
jugants per donor and is the mean from two independent experiments. V. cholerae
1-010118-075 � E. coli CAG18439 exconjugants were isolated as Spr Tcr colonies. E.
coli CAG18439 � E. coli MG1655 exconjugants were isolated as Spr Nalr colonies.
The mating experiments were carried out for 5 h at 37°C. The following antibiotics
were used at the indicated concentrations: nalidixic acid, 40 �g/ml; tetracycline, 12
�g/ml; and spectinomycin, 50 �g/ml.

TABLE 2. DNA sequences of the primers used in this study and sizes of the amplicons in SXTMO10, R391, and ICEVchMex1

Primer name Nucleotide sequence (5� to 3�) Reference or source Region amplified
Amplicon size (bp)a

SXTMO10 R391 ICEVchMex1

INT1 GCTGGATAGGTTAAGGGCGG 12 int 592 592 592
INT2 CTCTATGGGCACTGTCCACATTG 12
INT3 TGAGCCAACCCAATCTATCC This study s002–xis 1,526 1,528 1,526
INT4 TATACGACGCTCTGGCGAAG This study
VisLF GAGTACAAATTCCGTTTTAG 8 attL–xis 453 2,380 2,381
VisLR3 GCATTCTCCTGAAAATCAATG 8, 12
LeftF3 GGTGCCATCTCCTCCAAAGTGC 12 rumBA 19,182* 911 911
RumA CGAGCAATCCCCACATCAAG 12
LeftF3 GGTGCCATCTCCTCCAAAGTGC This study rumB–traD 42,170* 27,435* 14,511
TraIR CCAGGGCATCTCATATGCGT This study
SO26F GAGCAATGGGCGAGAGTTCC 16 s026–s027 408 4,189 ND
SO27R TCAGCGACAACCGGAGAATG 16
HS1F GGCTATTCCACCGGTGGTG 16 s043–traL 998 1,096 1,627
HS1R TGCCGATCACTAGCCCCAAC 16
HotS2F TTCCAGCAATCAGCGCCG This study traA–s054 2,069 7,021 1,354
HotS2R CAGTTGTCCTATGTGGACTCGG This study
HotS3F2 CCTAAGCATCCTTGGAAGGCT This study s073–traF 5,992 1,185 9,587
TraF2R TGGGATGGTCACCCATAGGA This study
13TA4 TTGCGGGAGATTATGCTC This study traG–setC 765 4,227 765
MerR TGACCATCAATGAAGGTTG This study

a The observed amplicons were the appropriate sizes on agarose gels. In all cases, the ICEVchMex1 amplicons were sequenced. An asterisk indicates that the large
fragments were not observed. ND, not detectable.
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amplicon could be detected for ICEVchMex1 by use of primers
designed to amplify this region. In fact, additional PCR and
DNA sequence analyses established that the entire region
from s027 to s040 is missing in ICEVchMex1 and replaced by
a cluster of four open reading frames (ORFs) and a likely
pseudogene oriented in the same direction as s026 and traI
(Fig. 1). These four genes, hsdM, hsdS, fdp1, and hsdR, and the
pseudogene, 	mrr, are similar in sequence to and have the
same organization as a cluster of genes in Shewanella frigidimarina
NCIMB400 that encode a putative type I restriction and modifi-
cation system. Thus, even though the 17.8-kb region from s027 to
s040 is shared by SXTMO10 and R391 (3), the true conserved core
set of genes that defines the family of SXT-related elements is
shorter than the common set of genes shared by SXTMO10 and
R391. This idea is consistent with our previous functional studies
of SXTMO10, which revealed that the gene cluster from s027 to
s040 is not required for SXTMO10 mobility or maintenance (4).

Comparison of the SXTMO10 and R391 DNA sequences
suggested that there are three “hotspots” for the insertion of
additional DNA sequences within intergenic regions from s043
to traL, from traA to s054, and from s073 to traF, which sepa-
rate conserved genes (3) (Fig. 1). The sequences found in these
three regions in ICEVchMex1 were unrelated to those found in
SXTMO10 and R391. In ICEVchMex1, the intergenic regions
from s043 to traL and from traA to s054 each contain a unique
ORF, mex01 and mex02, respectively, coding for putative pro-
teins of unknown functions. The intergenic region from s073 to
traF contains two ORFs, s075 and s074, which are present in
SXTMO10, as well as three additional ORFs of unknown func-
tion, i.e., mex03, mex04, and mex05, and the remnants of an
insertion sequence (Fig. 1). These observations suggest that

the sites serving as hotspots for the insertion of additional
DNA sequences into the core set of SXT genes are conserved
in SXT-related ICEs.

Conclusions. ICEVchMex1 is the first SXT-related ICE de-
tected in the Western Hemisphere. Like SXTMO10, ICEVchMex1
is self-transmissible and integrates into prfC. ICEVchMex1 ap-
pears to share the core set of genes that mediate the transmission,
maintenance, and regulation of SXT-related ICEs; however, it
also carries unique and novel insertions that illustrate the remark-
able plasticity of the genomes of SXT-related ICEs. The absence
of antibiotic resistance determinants in ICEVchMex1 suggests
that SXT-related ICEs likely confer advantages unrelated to re-
sistance to antibiotics to their hosts.

Molecular epidemiological studies suggest that SXTMO10 and
very closely related ICEs became widespread in Asian and Af-
rican V. cholerae populations only after the emergence of V.
cholerae O139 in 1992 (2, 11). The major differences in the ge-
nomes of ICEVchMex1 and SXTMO10 (Fig. 1) indicate that these
two ICEs have evolved independently; clearly, ICEVchMex1 is
not immediately derived from the Asian V. cholerae O139 SXT
element. The acquisition of antibiotic resistance determinants by
an ICE such as ICEVchMex1, which lacks such genes, along with
the presence of antibiotics in the environment, presumably has
catalyzed the spread of SXT-related ICEs in V. cholerae popula-
tions.

Nucleotide sequence accession numbers. The accession
numbers of the ICEVchMex1 sequences described herein were
submitted to GenBank and have been assigned accession num-
bers DQ180349 (setR to int on the circular form), DQ180350
(rumB to traD), DQ180351 (s043 to traL), DQ180352 (s073 to
traF), and DQ180353 (traA to s054).

FIG. 1. Schematic linear representation of the SXTMO10 and R391 conserved set of genes and of the insertions specific to ICEVchMex1. The
black line represents the set of genes conserved in SXTMO10 and R391. The three hotspots for the insertion of additional DNA are indicated with
stars. Gray arrows represent the conserved genes in SXTMO10, R391, and ICEVchMex1. The scale for the insertions is 1 cm per kb. The genes that
are specific to ICEVchMex1 are shown as white arrows. SXTMO10 genes that are not present in ICEVchMex1 are shown as black arrows. The
location of the antibiotic gene cluster in SXTMO10 is shown as a hatched box (not to scale). The locations of primers used for analysis (Table 2)
are shown as arrowheads. 
IS, remnant of insertion sequence.
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